A B S T R A C T Acid infusion studies were performed in nephrectomized rats and dogs with either intact parathyroid glands (intact) or after thyroparathyroidectomy (thyroparathyroidectomized [TPTX]) to determine the role of parathyroid hormone (PTH) in extrarenal disposal and buffering of acutely administered acid. 29 intact rats given 5 mM/kg HCI and 6 intact dogs given 7 mM/kg HC1 developed severe metabolic acidosis but all survived. However, each of 12 TPTX rats and 4 TPTX dogs given the same acid loads died. Intact rats and dogs buffered 39 and 50% of administered acid extracellularly, respectively, whereas extracellular buffering of administered acid was 97 and 78% in TPTX rats and dogs, respectively. 17 TPTX rats and 6 TPTX dogs given synthetic PTH 2 h before acid infusion survived. The blood bicarbonate and extracellular buffering in these animals, measured 2 h after acid infusion, was similar to intact animals. Changes in liver, heart, and skeletal muscle pH determined from [14C]5,5-dimethyl-2,4 oxazolidinedione distribution seemed insufficient to account for the increased cell buffering of PTH-replaced animals. Indeed, muscle pH in TPTX dogs given PTH and acid was only 0.06 pH units lower than in control dogs given no acid, suggesting that another tissue, presumably bone, was the target for PTH-mediated increased cell buffering. This conclusion was supported by the observation that PTH did not alter the pH of intact rat diaphragms in vitro. These results indicate that PTH is necessary for the optimal buffering of large, acute acid loads presumably by increasing bone buffering.
INTRODUCTION
Whereas most metabolic processes in the body produce hydrogen ions (1) Received for publication 27 March 1978 and in revised form 15 December 1978. their accumulation and the development of life-threatening acidosis. These mechanisms include the renal excretion of the metabolically produced hydrogen ion and the buffering of either endogenously produced or exogenously administered acid. 60 yr ago Van Slyke and Cullen (2) first noted that the buffering of a large, acutely administered acid load was only partially accounted for by extracellular buffers. Subsequently, it was shown in dog (3) and man (4) that at least 50% of an acutely administered acid load was buffered intracellularly. Although these studies demonstrated the importance and extent of cellular buffering, they did not define the tissues or regulatory mechanisms involved in the buffering process. Data obtained from acid balance studies in man (5) and from bone analyses performed in acidotic animals (6) suggest that bone is the tissue primarily involved in the cellular buffering of acid in acute and chronic metabolic acidosis. Accordingly, it has been proposed that parathyroid hormone may be important for the disposal and buffering ofacute acid loads (7) , but exact data supporting this hypothesis are not available.
To determine whether parathyroid hormone is required for the normal tissue buffering of acid, acute acid infusion studies were performed in nephrectomized rats and dogs with intact parathyroid glands and in nephrectomized thyroparathyroidectomized rats and dogs. The effect of parathyroid hormone on intracellular skeletal muscle pH was also studied in vitro. The results show that parathyroid hormone is required for the optimal tissue buffering of large, acute acid loads in both animal species.
METHODS
In vivo rat studies. Male Sprague-Dawley rats weighing 375-500 g were anesthetized with Inactin (Promonta, Ham- burg, West Germany). Femoral artery and central venous catheters were inserted and a tracheostomy and bilateral nephrectomy were performed. Rats were then placed on a heated, perforated board and rectal temperature was monitored throughout the experiment. After a 30-min postoperative stabilization period, two arterial blood samples were obtained at 15-min intervals for bloo1( gas determination. Only if acidbase balance and oxygenation proved stable did the animal begin a 2-h control period. Animals not achieving such stability by 1 h were sacrificed. Unless otherwise specified, each animal was then given 0.5 N hydrochloric acid, 5 mmilol/kg body wt, infused intravenously over 30 min followecl bv a 2-h recovery period. Arterial blood gases and plasma electrolvtes were determined twice during each period. In somiie experiments, cell pH was determined at the end of the stabilization period by the intravenous administrationi of 2 ,Ci of [2-'4C]-5,5-dimethyl-2,4 oxazolidinedione (DNM0),1 2 ,uCi of 36Cl, and 10 ,uCi of 3H20.
Experiments with the above model were performed in five groups: 7 rats with intact parathyroids given no acid inifsioni (intact), 9 rats 1 d after thyroparathyroidectomv given no acid (thyroparathyroidectomized [TPTX] ), 29 rats with intact parathyroids given acid (intact plus acid), 12 rats 1 d after thyroparathyroidectomy giveni acid (TPTX plus acid), and 17 rats 1 d after thyroparathyroidectomy given 10 IU/kg body wvt of synthetic bovine parathyroid hormone (PTH; obtained from Beckman Instrumnents, Inc., Spinco Div., Palo Alto, Calif.) 2 h before acid infusion (TPTX plus PTH plus acid). At the conclusion of the recovery period, rats were sacrificed bv exsanguinationi from the abdominal aorta into a heparinized syringe. Skeletal muscle (gluteus), cardiac muscle, and liver were obtained for determination of intracellular pH. A portion of each sample was used to determine tissue electrolytes.
Rat diaphragm studies. Intact rat diaphragmls wvere obtained from 75-to 90-g non-TPTX Sprague-Dawlev rats and incubated simultaneously in two boxes at 37°C in a modified Krebs-Ringer bicarbonate solution conitaininig 100 mg/100 ml of glucose and 6.25 mg/100 ml of chloromycetin as described (8) . The solution was gassed with a 4.86% CO2 balance oxygen gas mixture. Bathing solutions were changed hourly. During the final hour of incubation, 80 mg/100 ml of inulin was added to each bath to meassure extracellular space, and 25 ACi of [2-'4C]DMO was added to each solution for calculation of intracelltular pH. At the end of the experiment, diaphragmiis were removed alternately from the two boxes for cell pH determination (8) . Bath pH was -7.00, achieved by using a bicarbonate concentration of 10 meq/liter. Incubations lasted for either 1 or 4 h. The solution in one box conitained either 10 or 100 IU/liter synthetic PTH. The other solution contained no hormone.
In vivo dog studies. Mongrel dogs weighinig [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] sacrificed at the end of the recovery period, and skeletal muscle, liver, anid heart muscle samples were obtained for cell pH anid electrolyte determination. With this nephrectomized mPodel four groups were studied: four dogs given no acid infuision (intact control), six dogs given HCl (intact plus acid), fouir dogs TPTX 2 h before the control period and then given HCl (TPTX plus acid), and six TPTX dogs given 10 IU of syinthetic PTH/kg bodv wt at the beginning to the control period and(I then infuised with HCl (TPTX plus PTH plus acid).
Anialytic methods and calculatiotns. The amount of acid infused wvas calculated from the volume and normality of the acid; the latter determined by titration of a primary Tris stanidardl. Blood pH, Pco2 anid Po2 vere measured on a BMS3 \IK2 blood micro system (Radiomneter, Copenhagen, Denmark), anid the bicarbonate concentration was calculated from a stanidardl nomogramii. Plasma and tissue electrolytes were meeasured in anl IL flamiie photometer (Instrumentation Laboratories, Boston, Mass.) with anl internal lithium standard. Calcium was determined on a Corning (Corning Glass Works, Corning, N. Y.) calcium analyzer by photometric titration with EGTA as described by Schmidt and Reilly (9) . Radioisotopes were counted in a three channel Packard liquid scintillation counter (Packard Instnmilent Co., Downer's Grove, Ill.). Intracellular pH in the nephrectomized animlal studies was determined from distribution of the three isotopes with the staindard equations anid method described by Schloerb and Grantham (10) . Intracellular pH in the rat diaphragm studies was determined as (lescribe(l (11) . Chloride space measuremiients were made frequently in both control andcl recovery periods, corrected for loss of radioactivity as a result of blood removal, and used to calculate compartmiienital acidI distribuition. Total extracellular sodiumil, potassiumii, and bicarbonate in control and recoverv periods were calculated as the product of the plasma conlcenitrationi anid the measured chloride space. At least two sets of determinationis were made in each period. Extracellular buffering is defined as the reduction in total extracellular bicarbonate during the experiment. Total acid buffering is the sum of the reduction in extracellular bicarbonate plus the increase in total extracelltular sodium and potassium; the latter reflecting the movement of these ions from inside the cell in exchange for extracellular hydrogen ions (12) .
Data atalysis. Data are presented as the mean+SEM. Unpaired t tests vere employed in all the statistical analyses.
RESULTS

Rat experiments
Stability of the rat preparation (intact group). Seven intact rats were prepared as described and observed for 6 h. As shown in Fig. 1 ;zz- muscle electrolytes and pH are shown in Table I . They are similar to those reported by other investigators (10) . The low intracellular sodium concentration, the high intracellular potassium, and the high intracellular to extracellular potassium ratio indicates maintenance of good membrane selectivity. Thus, the rat model is stable over the entire 6-h study period. Stability of preparation in TPTX rats (TPTX group). Nine TPTX rats were observed over a 6-h period. Fig. 1 shows that during this 6-h period blood pH rose from 7.36±0.01 to 7.40+±0.02 (P < 0.05) as a result of a fall in Pco2 from 43+2 to 34+1 mm Hg (P < 0.01). Blood bicarbonate concentartion fell from 23 .4+0.9 to 20.7 ±0.7 meq/liter (P < 0.05). These changes are similar to those found in the intact group. Blood pH at the end of 6 h did not differ significantly between intact and TPTX groups (P > 0.5), but blood bicarbonate concentration was slightly lower in the TPTX group (P < 0.05). To assess completeness ofthyroparathyroidectomy, plasma calcium was measured at the end of the control period, and rats whose level exceeded 3.5 meq/liter were discarded. The mean plasma calcium of 2.8±0.2 meq/liter in TPTX controls was significantly lower than the 4.2±0.2 meq/liter of the intact animals (P < 0.001). Table I shows the cell pH and tissue electrolytes in TPTX rats. Cell pH and intracellular sodium concentration were the same in intact and TPTX groups, but intracellular potassium concentration was lower in each tissue of the TPTX group (P < 0.05). Intracellular:extracellular potassium ratios, however, were virtually identical in all tissues fo the two groups. Thus, thyroparathyroidectomy did not affect membrane selectivity although it lowered the serum calcium and blood bicarbonate levels.
Intact plus acid group. 29 intact rats were given HCI at the end ofthe control period. As shown in Fig. 1 blood pH fell from 7 Table I . The pH of each tissue studied was lower than in the intact group, but differences were not statistically significant (P > 0.1). Tissue potassium and sodium concentrations were slightly but not significantly lower statistically (P > 0.1). The decreased tissue potassium concentration and elevated plasma potassium reduced the intracellular to extracellular potassium ratio. The ratio of 21.3 in skeletal muscle, although significantly lower than in intact control rats (P < 0.001), is still high and demonstrates good selectivity (14) . Except for an occasional surgical mortality, every rat survived the acid infusion.
TPTX rats given acid (TPTX plus acid group). 12 TPTX rats were given HCI after the control period. The mean plasma calcium of 3.1±0.2 meq/liter at the end of the control period was significantly lower than in the intact plus acid group (P < 0.001) but not significantly different from the value in TPTX rats (P > 0.1). Arterial blood pH fell during acid infusion from 7.35 ±0.01 to 6.84±0.03 (P < 0.001) (Fig. 1) . Each of the 12 rats died before or at the completion of the acid infusion. During acid infusion, blood bicarbonate decreased 18.2 meq/liter, falling from 22.1±0.5 in the control period to 3.9+0.6 meq/liter before death (P < 0.001). This decrease was significantly greater than in intact plus acid rats (P < 0.001) despite the inability of 10 rats to complete the infusion. Even at the midpoint of acid infusion, TPTX plus acid rats had a significantly lower blood bicarbonate (P < 0.05). 4 Significantly different from intact plus acid (P < 0.05).
decrease in the intact plus acid group. The 100% mortality cannot, therefore, be attributed to defective respiratory compensation. TPTX rats given PTH and acid (TPTX plus PTH plus acid group). 17 TPTX rats, given 10 IU/kg body wt of synthetic PTH at the beginning of the control period, all survived the acid infusion. The plasma calcium of 3.0+0.2 meq/liter before PTH administration was not statistically different from the other two TPTX groups (P > 0.3). At the end of the experiment, 6 h later, it had risen insignificantly to 3.2+±0.2 meq/liter (P > 0.3). Thus, toleration of the acid was not because of a PTHinduced rise in plasma calcium. As shown in Fig. 1 , control period arterial pH was lower than in the other two TPTX groups (P < 0.01). This lower pH was of respiratory origin as control bicarbonate concentration in the three TPTX groups was statistically identical (P > 0.4). Survival of PTH-treated rats, therefore, was not the result of elevation of extracellular buffer capacity. Through a technical oversight, arterial blood samples were not drawn during acid infusion, but blood was obtained at the end of the recovery period. Arterial pH at the end of the recovery period was lower than in the intact plus acid group, but blood bicarbonate concentrations were identical statistically in the two groups (P > 0.4). The absolute decrease in the blood bicarbonate concentration in the two groups also did not differ significantly (P > 0.3). Assuming equal acid production, tissue buffering of infused acid was the same, therefore, in intact rats and in TPTX rats given exogenous PTH.
Acid distribution and cell buffering in intact plus TPTX rats. Extracellular buffering, as calculated from the decrease in total extracellular bicarbonate, is shown in Fig. 2 . Assuming no endogenous acid production during the course of the experiment, 39% of administered acid was buffered extracellularly and 61%, intracellularly in intact rats. These are similar to values previously reported in the dog (3) . Extracellular buffering in TPTX rats was 97%; significantly higher than the 39% found in the intact group (P < 0.001). The cellular buffering of3% in the TPTX rats was, ofcourse, significantly lower (P < 0.001). As all TPTX rats died by the end of acid infusion, no direct 36C1 space measurements were obtained. Rather, the control 36C1 space was assumed to have increased by the same percentage as in intact rats.
Plasma potassium values were nearly identical in the two groups surviving the acid infusion. In intact animals, plasma potassium rose from 6.1+0.1 to 7.9 +0.3 meq/liter, whereas in the TPTX group the rise was from 5.5+0.2 to 7.2+0.4 meq/liter. Final plasma potassium levels in both groups exceeded the 6-h values found in intact and TPTX control rats (P < 0.001). Intracellular sodium and potassium concentrations in the two surviving TPTX groups did not differ significantly from each other except for heart muscle sodium and potassium concentration (P < 0.05). Small changes, however, might be missed. Table I shows that thyroparathyroidectomy per se did not affect cell pH. It also shows that despite a slightly lower arterial blood pH, skeletal and heart muscle pH values in the TPTX plus PTH plus acid rats were the same as in intact rats given acid (P > 0.1). Liver cell pH, however, was higher in the TPTX plus PTH plus acid group (P < 0.005). Compared with TPTX control rats, heart muscle pH was significantly lower (P < 0.05) but insignificantly different in liver tissue (P > 0.1) and skeletal muscle (P > 0.5). Acid infusion, therefore, lowered heart muscle pH in intact and TPTX plus PTH rats and reduced skeletal muscle and liver cell pH in intact rats. However, in TPTX plus PTH rats, skeletal muscle pH did not fall, and liver cell pH rose. Thus, exogenous PTH did not appear to increase buffering of administered acid by skeletal muscle.
Rat diaphragm studies. If PTH enhances skeletal muscle buffering of administered acid, it would presumably accomplish this by increasing extracellular hydrogen ion movement into cells. Incubation of muscle in an acidic medium in the presence ofthe hormone would be expected, therefore, to lower muscle cell pH. Rat diaphragms were incubated at an external pH of 7.00, a value previously shown in our laboratory to reduce muscle cell pH in vitro and only 0.1 pH unit lower than the blood pH achieved by the intact plus acid rats at the end of the acid infusion period. The effect of PTH on diaphragm muscle pH is shown in Table II . In each experiment, the pH of the incubation medium containing PTH did not differ from the control medium by more than 0.02 pH units. The table shows that in experiments performed for 1 h at a PTH con- Dog experiments Stability of the dog preparation (intact control). Four nephrectomized, splenectomized dogs with intact parathyroids were followed for 5.5 h. Fig. 3 shows that blood pH increased insignificantly from 7.36+0.03 to 7.41±0.03 (P > 0.05), and the Pco2 also fell insignificantly (P > 0.1). Despite minor variations, blood bicarbonate concentration also was unaltered (P > 0.05).
Plasma sodium and potassium concentrations of 144+±3 and 3.1±0.6 meq/liter also remained unaltered (P > 0.1). After 5.5 h, animals were sacrificed, and tissues were obtained for measurement of intracellular pH. Liver cell pH was 7.03±0.06, heart pH was 6.92 ±0.03, and skeletal muscle pH was 6.98±0.02; values similar to ones previously reported in rat, dog, and man (10). Thus, extracellular and intracellular acid base conditions were stable over 5.5 h.
Acid infusion in intact parathyroid dogs (intact plus acid). Fig. 3 shows that blood pH fell rapidly during acid infusion (P < 0.001) because of a decrease in blood bicarbonate of 15. Fig. 3 shows that control arterial blood pH did not differ significantly (P > 0.4) from the previous three groups, whereas control period blood bicarbonate concentration was the same as in the TPTX plus acid group (P > 0.1). After acid infusion, blood pH fell 0.24 U (P < 0.001), Pco2 decreased 11 mm Hg (P < 0.001), and blood bicarbonate fell 12.2 meq/liter (P < 0.001). All six dogs survived, and during the recovery period, blood pH and bicarbonate rose 0.08 U and 1.6 meq/liter, respectively. Plasma calcium at the end of the control period was 2.8±0.2 meq/liter; significantly less than in intact dogs (P < 0.001) but not different from the level in the TPTX groups (P > 0.05). Plasma sodium concentration fell from 136±1 to 133±1 meq/liter, whereas plasma potassium rose from 3.4±0.4 to 5.4±0.5 meq/ liter. Liver cell pH was 7.06±0.02, heart muscle pH was 6.89±0.04, and skeletal muscle pH was 6.92±0.03 at the time of sacrifice. Fig. 3 shows that even midway during acid infusion, at least 30 min premortem, blood bicarbonate decreases in the three acid infused groups differed. In intact plus acid and TPTX plus PTH plus acid dogs, blood bicarbonate had fallen 7.6 and 8.2 meq/liter compared with 11.9 meq/liter in the TPTX plus acid group. The 50% greater decrease in the latter group's blood bicarbonate at 45 min was significantly different from the two other groups (P < 0.001). For the entire experiment, the overall decrease in blood bicarbonate in intact plus acid and TPTX plus PTH plus acid groups of 10.7 and 10.6 meq/liter was virtually identical (P > 0.5).
Distribution ofinfused acid in dogs (body buffering). Calculation of extracellular and intracellular buffering requires a reproducible measure of extracellular space. Although a small amount of chloride is located intracellularly, changes in its distribution reflect changes in extracellular space (15) . Whatever substance is used, the results obtained must be reproducible. The reproducibility of the chloride spaces in the present experiments is shown in Table III Table IV were calculated from the measured chloride spaces. Intact control animals, although receiving no acid, demonstrated some buffering. Presumably, this was a result of endogenous acid production in a catabolic postoperative dog, although penetration of chloride into cells cannot be completely ruled out. The small change in total extracellular bicarbonate suggests that this latter effect, if present, was small. Calculated endogenous acid production rate was _3.5 meq/kg body wt. Buffering in each acid-infused group exceeded the amount of acid administered. Differences between calculated buffering and administered acid in the two groups surviving acid infusion were less than the buffering shown by intact control animals and presumably represent endogenous acid production. The greater excess in the TPTX plus acid animals is explained by leakage of sodium from the erythrocytes of dying animals (16). This conclusion is supported by the observation that the excess in total buffering was completely accounted for by increased extracellular sodium as changes in extracellular potassium were equal in the three acid-infused groups (P > 0.4). Dog erythrocytes are high in sodium and low in potassium (17) , whereas all other cells have a high potassium content, so erythrocytes must have released sodium into the extracellular fluid. The amount of acid administered toTPTX plus acid dogs was less than in the other two groups because all dogs died before completion of the acid infusion. Table IV shows that during the recovery period total extracellular bicarbonate decreased by 8.5 meq in the intact controls but rose 13.2 and 11.1 meq in the intact plus acid and the TPTX plus PTH plus acid groups, demonstrating cellular bicarbonate generation. Extracellular buffering differed markedly among groups. The percent of administered acid buffered extracellularly exceeded 50% in all four TPTX plus acid dogs but in only one dog in each of the other two acid-infused groups. Fig. 4 shows that -50% of administered acid in the intact and PTH-replaced groups was buffered extracellularly compared with nearly 80% in the TPTX plus acid group (P < 0.001). This difference is not just a premortem phenomenon, as Fig. 3 demonstrates that the extracellular bicarbonate concentration at the midpoinit of the infusion period in the TPTX plus acid group was already significantly lower than in the other two acid-infused groups (P < 0.001). Chloride space changes were similar in the three groups, so the greater f'all in blood bicarbonate in the TPTX group reflects increased extracellular buffering. Thus, extracellular buffering was elevated, and cellular buffering diminished in TPTX plus acid dogs. of the recovery period extracellular buffering accounted for <50% of the administered acid in the intact plus acid and TPTX plus PTH plus acid groups.
The data shown in Table V suggest that the cellular site of PTH-mediated cellular buffering is not liver, heart, or skeletal muscle. Despite a significant drop in blood pH in intact plus acid and TPTX plus PTH plus acid groups, liver cell pH in these groups did not differ significantly from intact controls (P > 0.3). Heart muscle pH did fall significantly in the intact plus acid group but not in the TPTX plus PTH plus acid dogs. Skeletal muscle pH decreased significantly in the two acid-infused groups, but the decrease in the PTH-replaced group was only 0.06 pH units (P < 0.05). It seems unlikely that such small changes are responsible for the calculated cellular buffering of 6.4 and 7.3 meq/kg body wt ( Table V) that occurred in the intact plus acid and the TPTX plus PTH plus acid groups.
DISCUSSION
Daily net acid balance (18) may be upset either by a reduction in renal hydrogen ion secretory capacity, as in patients with chronic renal disease (19) , or by the sudden presentation of large acid loads exceeding the kidney's ability to sufficiently increase acid excretion. In the latter situation, the body buffers the excess acid. Early experiments suggested that skeletal muscle, and presumably other tissue membranes, were impermeable to extracellular hydrogen and(or) hydroxyl ions (20) . Subsequent work, however, demonstrated that the internal pH of muscle was responsive to changes in external hydrogen ion activity (11) . Indeed, after acute acid administration >50% of the administered acid is buffered intracellularly (3, 4) . Also, during intermittent acid infusion, although extracellular bicarbonate is the major buffer, cellular buffers restore extracellular bicarbonate concentration in the interinfusion periods (21). Yoshimura et al. (22) showed that in the first 24 h after a large acid infusion, dogs excreted only 25% of the administered acid. Nevertheless, after 24 h, the blood bicarbonate concentration had returned to its control value. Over the next 6 d the remaining acid was excreted, suggesting slow release of the acid from intracellular buffer sites. Although these studies demonstrate the extent of cellular buffering, they do not define its location or regulation. Burnell (23) found decreased bone carbonate in dogs with metabolic acidosis, whereas Bergstrom (6) noted reduced bone sodium, calcium, and carbonate concentrations in metabolic acidosis, suggesting titration of bone buffers by acid. Studies in normal and uremic human volunteers (5) also support the concept that bone is a major tisssue buffer. PTH as a major regulator of bone metabolism (24) might, therefore, be involved in bone buffering. Indeed, parathyroid glands appeared late in evolution, almost 200,000,000 yr after the appearance offish with a calcium skeleton. Wills (7) and Wachman and Bernstein (25) , noting that vitamin D and calcitonin efficiently regulate calcium balance in bony fish, questioned the sudden appearance of parathyroid glands in amphibia. As amphibia were no longer able to efficiently transfer hydrogen ions into the surrounding sea, despite the continued necessity to dispose of metabolic acid, they proposed that the primary evolutionary function of PTH was to mobilize bone phosphate and carbonate, thereby providing the body with a reserve of phosphate ions and buffer. PTH also has many renal actions that affect net acid excretion and acid base balance (26) (27) (28) , and one study even suggests circulating PTH levels are increased in acidosis (29) . Finally, bone resorption after PTH administration may be mediated through changes in local acidity. Acetazolamide blockade ofcarbonic anhydrase, an enzyme present in rat osteoclasts, prevents PTHstimulated bone resorption in rats (30) . The hypercalcemic response of rats to dibutyryl cyclic 3'5'-AMP is also blocked by acetazolamide, suggesting that the final mediator ofPTH-stimulated bone resorption is the local pH environment (31) . In addition, recent experiments by Martin et al. (32) have demonstrated that both the uptake and biological effect of PTH in an isolated, perfused canine-bone preparation is enhanced by acidosis.
These experiments support the hypothesis that PTH is important for tissue buffering after acute acid administration. All 16 TPTX rats and dogs given acid died, whereas the 35 animals with intact parathyroids given the same acid dose survived. Reduction of extracellular bicarbonate was significantly greater in TPTX animals even after reception of only one-half ofthe acid load. Differences might have been larger if TPTX animals had received all the acid, but 14 animals died before completion of the infusion. Each animal was nephrectomized, so changes in acid excretion cannot explain this observation. There are two possible explanations. First, endogenous lactic acid production might have increased in TPTX animals. Although this possibility cannot be totally excluded, it seems unlikely. Oxygen tension in the TPTX animals remained constant, CO2 retention did not develop, and the anion gap was identical in all groups. Additionally, blood pressure measurements every 15 min were relatively constant, and hypotension developed only near death long after bicarbonate had fallen more sharply in the TPTX rats and dogs. The alternative explanation is that cellular buffering differed in the two groups. The calculation of extracellular and cellular buffering depicted in Figs. 2 and 4 supports this conclusion. Reduced tissue buffering in TPTX animals presumably resulted in depletion of extracellular buffer stores, acidosis, and death. Acid distribution was not precisely measured in the TPTX plus acid rats as extracellular space, and transcellular shifts of sodium and potassium were not determined. However, such measurements were made in the dogs. Cellular buffering is calculated from the difference between total buffering and extracellular buffering (3), and determination of the latter requires a reproducible measure of changes in extracellular space. The chloride space values found in the present experiments (Table IV) are higher than those previously reported by other investigators (33), a variance for which we have no explanation. This difference is unimportant, however, as it is the change in extracellular space, not the absolute space, that determines extracellular buffering. Control period chloride spaces were high but equivalent in each of the four groups studied, so reducing the control chloride space from 33 to 20% did not significantly affect the extent of calculated extracellular buffering. In addition, the changes in chloride space measured after acid administration were virtually identical to those reported by other investigators using inulin, radiosulfate, or chloride spaces (3, 21, 22) , and the percentage of administered acid buffered extracellularly in the intact dogs was the same as that reported in other studies (3, 21, 22) .
The reduced cellular buffering induced by thyroparathyroidectomy could be the result ofreduced tissue buffer capacity, altered plasma calcium concentration, thyroid hormone deficiency, or PTH deficiency. The effect of thyroparathyroidectomy on tissue electrolytes and intracellular pH is not known. In this study thryoparathyroidectomy performed 24 (21) and Yoshimura et al. (22) showed that the percentage of administered acid buffered intracellularly increased progressively with time. The cellular generation of bicarbonate during the recovery period exemplifies this relationship. Inasmuch as blood bicarbonate fell more rapidly in TPTX than in intact dogs (Fig. 3) , it seems cell buffers did not become increasingly available in TPTX dogs during the infusion period. A second factor that regulates cell buffering is extracellular buffering capacity. The greater the severity of the metabolic acidosis, the more the buffer requirement for correction of the acidosis exceeds the value predicted from the fall in blood bicarbonate concentration (38) . This is a result of increased cell buffering. In addition, the bicarbonate distribution space increases when extracellular buffering capacity is lowered by inducing either a metabolic acidosis (39, 40) or a respiratory alkalosis (41 (41) , and the fall in Pco2 from 32 to 20 mm Hg accounts for at least part of the drop in the muscle bicarbonate concentration after acid infusion. The observed change in muscle cell bicarbonate is less than that predicted from previous estimates of muscle buffering capacity (14) . Roos (46) estimated soft tissue buffering capacity at 3.6-4.2 meq/kg body wt. By using this value and the arterial Pco2 levels in our dogs, it can be calculated that only 27-37% of the observed cellular buffering is accounted for by soft tissue buffering. Although changes in metabolic disposal of acid cannot be ruled out, the data are most consistent with the conclusion that another tissue, presumably bone, was responsible for most of the PTH-induced buffering. Exogenous PTH was administered only 2 h before the acid infusion; but in bone (47) , PTH-stimulated cyclic AMP generation occurs well within this time period. As cell pH in the three tissues studied was higher in PTHreplaced dogs than in intact dogs at the end of the recovery period, despite an equivalent degree of cell buffering, it appears that exogenous PTH increased bone buffer availability. Whether larger amounts of PTH would further enhance tissue buffering cannot be predicted from the present work. Some studies of the action of PTH on proximal tubular bicarbonate reabsorption suggest, for example, that only a minimum amount of hormone needs to be present and that increasing amounts have little further effect (48) .
PTH-regulated tissue buffering may be important clinically. Thus, patients with chronic renal failure are often in positive acid balance (19) and exhibit bone pathology (5) . It has been proposed that in these patients the bone is titrated by the retained acid. Because PTH levels are elevated in chronic renal failure (49) 
